ABSTRACT
INTRODUCTION
This paper is principally concerned with increasing the size of distribution cables, with a view to reducing power losses and CO 2 emissions.
The paper will concentrate on three main strands: 1) the calculation of power losses; 2) the economics of increasing cable size (to reduce power losses); 3) the effects of increasing cable size on the CO 2 burden;
The paper falls naturally into these three headings. Each of the elements is dependant upon the other.
First we will consider determination of the power loss.
CALCULATION OF THE POWER LOSS
There are three contributions to power losses in cables:
1) Joule losses (I 2 R) losses in the conductor(s); 2) circulating current and/or eddy current losses in metallic sheath, armouring and collective wire screens; 3) dielectric losses in the insulation.
The first two are the important quantities to be considered, because from the perspective of the increase in size of the cable, the last mentioned has only a small effect on the reduction in losses.
Potentially, losses are most accurately determined by measurements, but another approach is to calculate them, given a set of ground conditions, laying configuration and laying depth. Methods of calculating losses in cables are laid out in IEC 60287 [1] , but this standard applies only to cases where there is a steady load. For cyclic loading there is the problem that there is a change in the conductor temperature and its associated electrical resistance.
A simplified approach that has been frequently applied is to assume that the conductor resistance does not vary and is taken to be that of the maximum operating temperature. Often the losses in the sheath are ignored too.
With both of the above assumptions the total losses for a three phase cable under cyclic load are taken to be given by:
where μ is the 24-hour loss load factor, max
I is the peak current load of the cycle and R R is the resistance of the conductor in Ω km -1 at the rated maximum operating temperature. Typically this will be 90 °C for a polymeric insulated cable. The above equation, in most cases, will overestimate losses at typical loading patterns, principally because the resistance is lower than assumed, although in a few cases the omission of sheath losses will compensate.
To overcome the aforesaid deficiencies two methods were devised:
Method 1: Calculation of the conductor temperature corresponding to the peak load of a repetitive 24-hour load cycle and estimation of all losses on that basis.
Method 2: Application of a finite difference method to calculate conductor temperature and sheath temperature at half-hourly intervals (this method can be applied both to repetitive 24-hour load cycles and annual load profiles).
Application of Method 1
For comparison of cables with different conductor sizes it is necessary to calculate the annualised losses. These are determined from the following formula for cyclic loading: A special spreadsheet was created to calculate annualised losses. The results shown in Figure 1 are for 33 kV single core XLPE insulated cables, with 500 mm 2 Cu conductor and 50 mm 2 collective Cu wire screen, laid in trefoil of touching ducts formation. The load curve assumed has a loss load factor of 0.6043, as indicated. The program works by ramping up the conductor temperature in 5 °C intervals and calculating the sustained or cyclic rating (the latter in this case). The calculated results are curve fitted, and for a given maximum load the conductor temperature and annualised losses can then be determined for a particular maximum load. In the case of Figure 1 this is 420 A, with a maximum conductor temperature of 39.5 °C and annualised losses of 181.8 MWh/yr/km. The spreadsheet is very versatile, in that many different comparisons can be made. In this paper we will consider only one example, Table 1 . This shows annualized losses calculated for 1 km of aforementioned cable, laid in trefoil of ducts formation, either as solidly bonded (both ends) or as a cross-bonded circuit (balanced). The load of 420 A was chosen on the basis of the distribution rating (explained in ref. [3] ) for the 500 mm 2 solidly bonded system, and represents 50% utilization.
Clearly there are substantial benefits in energy loss reduction by cross-bonding. Increasing the conductor size also reduces losses very significantly.
Application of Method 2
As indicated earlier, by determining the temperatures of conductor and sheath at half-hourly intervals, it is possible to gauge the error in the calculation of losses caused by the assumption of constant resistance. Table 2 shows a comparison of the two methods for the 500 mm 2 cable. We can see that at a "normal" utilization, e.g. 420 A in this case, the error caused by assuming the constant temperature of 39.5 °C (Method 1) is < + 0.5%. With cycles having a lower loss load factor the error increases, but is almost always small enough to be neglected. Note that Method 2 always predicts a lower maximum conductor temperature than Method 1. It is well known that IEC 60853-2 [2] , by which the Method 1 cyclic ratings were calculated, gives ratings that are conservative.
It is also important to state that, with the flawed assumption of resistance at the maximum operating temperature of 90 °C, the error for the peak load of 420 A is + 5.8%. The lower the peak load, the greater is the percentage error.
ECONOMICS OF INCREASING CABLE SIZE
The UK regulatory authority Ofgem currently has an incentive mechanism to reduce system losses. Essentially this is based on a 5 years rolling retention mechanism, with each unit of electric loss being valued at £48/MWh.
In theory, increasing cable size, in tandem with the incentive, is a possible way of reducing (new) cable network losses. There are a number of ways to model the economics of increasing cable size. In this paper we will consider only the marginal costs of increasing the cable size, based on known prices of cables, but they can also The first term in the above equation is the transmission charge (paid to National Grid), which is based on the triad peak, with units of £/MW. This charge is geographically variable, but for the purpose of the exercise is taken to be the typical value of £20,000 per MWh.
The second term is the variable cost of the distribution losses over the year, noting that ( ) t μ is the loss load factor for each daily load cycle during the year.
Two incentives were considered:
Incentive A = 5 years of £48/MWh on loss reduction, i.e. the current Ofgem incentive. Incentive B = an upfront discount on the larger cable of 1.25 x price difference between larger and smaller cable. Two annual load profiles were investigated: 1) for a typical 11 kV feeder supplying a mainly unrestricted domestic load; 2) for overall National Grid data [4] ; this profile with its higher loss load factors is more appropriate to higher voltage systems.
The economic exercise was carried out using load and price data (cables and electricity) for the 2005-06 period. The Figure 2 shows the unrestricted domestic profile assumed for the period April 2005 to March 2006. Using the Method 2 outlined earlier it was shown that it is appropriate to assume an R max value based on the peak winter load, a typical winter load cycle and winter ground conditions appropriate to the UK.
Some examples of results obtained are given in Table 3 . For Incentive A the gain shown here is the difference between 5 (the number of years of the incentive) × savings in losses and the marginal cost of buying larger cable, amortized at 7% over 10 years. (solid aluminium), the breakeven point is at 31.6% utilization for the 11 kV Triplex cable of Table 3 . Taking 33 kV single core cables with copper conductors, the breakeven utilization is higher. Thus, for a smaller increase in size of 185 mm 2 to 240 mm 2 the breakeven point is at about 44% utilization. However, for this type of cable, and especially for larger conductor sizes, one can also consider cross-bonding to reduce losses, as Table 1 indicates.
To assist the Distribution Network Operators in the UK to evaluate the economics of increasing cable size, a spreadsheet has been devised. Figure 3 shows an example of calculations of the types of results found in Table 3 
CO 2 BURDEN AND CABLE SIZE
It is to be understood that we are simply concerned with the CO 2 arising from the generation of electricity, which is turn is converted to losses during the operation of the cable. The starting point is to consider the fuel used in the UK on an annual basis for electricity generation and the amount of electricity supplied [5] . It is also necessary to know the kilotonnes of carbon per kilo-tonnes of oil equivalent of each fuel source [6] .
With this information the average CO 2 per MWh of generated electricity was calculated as 0.511 Tonnes CO 2 per MWh generated in 2006. Consider 100 km of circuit installation in any year. By increasing the cable size from 185 mm 2 to 300 mm 2 the CO 2 saved over an assumed 40 years life for the 11 kV Triplex cables operating at 40% utilization is 43,720 tonnes.
